Polaron Transport in the Paramagnetic Phase of Electron-Doped Manganites by Cohn, J. L. et al.
ar
X
iv
:c
on
d-
m
at
/0
50
43
03
v1
  [
co
nd
-m
at.
str
-el
]  
12
 A
pr
 20
05
Polaron Transport in the Paramagnetic Phase of Electron-Doped Manganites
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The electrical resistivity, Hall coefficient, and thermopower as functions of temperature are re-
ported for lightly electron-doped Ca1−xLaxMnO3(0 ≤ x ≤ 0.10). Unlike the case of hole-doped
ferromagnetic manganites, the magnitude and temperature dependence of the Hall mobility (µH)
for these compounds is found to be inconsistent with small-polaron theory. The transport data are
better described by the Feynman polaron theory and imply intermediate coupling (α ≃ 5.4) with a
band effective mass, m∗ ∼ 4.3m0, and a polaron mass, mp ∼ 10m0.
PACS numbers: PACS numbers: 75.47.Lx, 71.38.-k, 72.20.-i
I. INTRODUCTION
Studies of perovskite manganites have drawn consid-
erable attention to the issue of electronic phase sepa-
ration as a paradigm for understanding strongly corre-
lated electron systems generally.1 Inhomogeneous mag-
netic ground states, observed over a broad range of com-
positions, are thought to arise from inhomogeneous para-
magnetic states as a consequence of competing interac-
tions. In the case of hole-doped, ferromagnetic colossal
magnetoresistance (CMR) manganites, there exists com-
pelling evidence that the paramagnetic phase is small-
polaronic,2,3,4 and inhomogeneous due to local ferromag-
netic (FM) and charge-order fluctuations.
Lightly electron-doped manganites, such as
Ca1−xLaxMnO3, are structurally simpler than their
hole-doped counterparts since cooperative Jahn-Teller
distortions are largely absent due to the tetravalent
state of most Mn ions. Antiferromagnetic (AF) superex-
change interactions are dominant and dictate a G-type
AF ground state for CaMnO3 below TN = 125 K.
Electron doping6,7,8,9 via substitution of trivalent ions
for Ca induces a weak ferromagnetic (FM) moment
associated with an inhomogeneous magnetic state.11
Transport properties in the paramagnetic phase of
electron-doped manganites differ substantially from
those of hole-doped FM compositions and consensus
about the conduction mechanism is lacking. Both the
resistivity and thermopower are thermally activated in
hole-doped compounds in a manner consistent with a
thermally activated mobility and small polaron theory.
In contrast, the resistivity of lightly electron-doped com-
pounds exhibits a positive temperature coefficient at
T ≥ 150-200 K, and the thermopower decreases with de-
creasing T .6,7,8,9 The binding energy of small polarons,
inferred from transport, decreases with increasing hole
concentration3,5, suggesting the possibility of a quali-
tative change in the character of polarons for electron-
doped compositions.
The present paper focuses on charge carrier transport
(resistivity, Hall effect, thermopower) near TN and above
in Ca1−xLaxMnO3 with the goal of clarifying the role and
nature of polarons in the paramagnetic phase of electron-
doped materials. The Hall mobility, which has not been
previously reported for such compositions, is found to
favor a large-(continuum) rather than a small-polaron
picture. Analysis of both the mobility and thermopower
imply intermediate coupling, with electron-phonon cou-
pling parameter, α ≃ 5.4, an electron effective mass,
m∗ ∼ 4.3m0, and a polaron mass, mp ≃ 10m0.
II. EXPERIMENT
Polycrystalline specimens of Ca1−xLaxMnO3 (x ≤
0.10) were prepared by solid-state reaction as described
elsewhere.7 Powder x-ray diffraction revealed no sec-
ondary phases and iodometric titration, to measure
the average Mn valance, indicated an oxygen content
within the range 3.00±0.01 for all specimens. The
magnetization7 and thermal conductivity10 of similar
specimens have described previously. A single crystal
was grown from two polycrystalline rods of CaMnO3 that
were melted in an dual-mirror optical image furnace; one
acted as a seed, the other was the feed rod. Both rods
were rotated in opposing directions at 50 rpm during
the growth and the rods moved downward at 5 mm/h
through the hot zone. The heating power was 560 W and
the growth was conducted in 2 atm. oxygen. Small sin-
gle crystals a few mm in length were cut from the recrys-
tallized rod. Resistivity, Hall, and thermopower (TEP)
measurements were performed on all polycrystalline spec-
imens; resistivity and TEP only for the crystal. The
TEP was measured using a steady-state technique em-
ploying a fine-wire chromel-constantan thermocouple and
gold leads. Dc Hall and resistivity measurements were
performed in separate experiments on 6-probe Hall-bar
specimens of approximate dimensions 1 × 3 × 0.15 mm3
in a 9T magnet; both current and field reversal were em-
ployed in the Hall measurements.
III. RESULTS
Figure 1 shows the electrical resistivity versus tem-
perature for all of the compounds. The magnitude of
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FIG. 1: Resistivity versus temperature for Ca1−xLaxMnO3
in the paramagnetic phase. Data for x = 0.10 are omitted for
clarity.
ρ decreases systematically with doping. Specimens with
0.005 ≤ x ≤ 0.04 exhibit a positive temperature coeffi-
cient of resistivity for T > 200 K. Similar qualitative fea-
tures have been reported for electron doping with other
lanthanides.6,8,9
The Hall voltage, shown at T = 250 K for several
compositions in Fig. 2 (a), was negative (electron-like)
and linear in field for all specimens and temperatures in
the PM phase. The Hall coefficient was computed as,
RH = [dVH/d(µ0H)](t/I), where t is the specimen di-
mension along the field and I the current. Figure 2 (b)
shows the Hall number, nH = Vf.u./RH |e|, as a function
of doping at T = 250 K. Vf.u. was taken as (205/4) A˚
3
for
all x since variations in the cell volume11 over this range
of doping constitute variations in nH smaller than the
measurement accuracy. It is seen that nH = −x is well
obeyed, confirming that La doping adds approximately
x electrons per formula unit. A value of nH = 0.01 cor-
responds to a carrier density of ≃ 2.0× 1020 cm−3.
RH(T ) has an exponential dependence for x = 0 in the
paramagnetic phase with activation energy, EH/kB ∼
1000 K [Fig. 3 (a); the solid curve corresponds to nH =
−1.25 × 10−2 exp(−1010/T )]. Below TN ≈ 125 K, RH
turns sharply toward a positive value at 75 K correspond-
ing to nH ≃ 4 × 10
−8 (this was the lowest T for which
RH for x = 0 could be reliably measured). This indicates
partial compensation by a small density of holes. A small
oxygen vacancy concentration is a likely source of elec-
trons in CaMnO3, but a distribution of donors and ac-
ceptors is common in oxides. A smaller concentration of
acceptors in the present compounds is expected to arise
from several ppm levels of impurities (e.g., Al, Zn) in
the starting chemicals. A smaller feature at TN is ob-
served for the x=0.005 specimen: an increase in |RH |
with no sign change [Fig. 3 (a)]. The x = 0.005 specimen
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FIG. 2: a) Hall voltage versus magnetic field, and (b) Hall
number versus x at T = 250 K.
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FIG. 3: (a) RH(T ) for x = 0, 0.005. The solid curve is
an exponential fit (see text). (b) nH(T ) for x ≥ 0.005 with
linear-T fits (solid lines).
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FIG. 4: µH(T ) for all compositions in semilog scaling. The
solid curve for x = 0 represents Feynman polaron theory with
phonon energy Θ = 700 K and m∗ = 4.3m0 (see text). The
dashed curve is a fit using the same polaron parameters with
an additional term for impurity scattering (see text). The
curves for doped specimens are guides to the eye.
is degenerately doped with electrons so the behavior of
RH implies a decrease of the mobile electron concentra-
tion at T < TN . The Hall coefficient in the presence of
both mobile electrons (n) and holes (p) is expressed as,
RH = (1/e)(nµ
2
n − pµ
2
p)/(nµn + pµp)
2, where µn and µp
are the electron and hole mobilities, respectively. Evi-
dently as n is suppressed below TN , the hole-like contri-
bution predominates in the x = 0 specimen. No mea-
surable effects are detected upon crossing TN in nH(T )
for the other La-doped specimens [Fig. 3 (b)]. Their
weak T dependencies for nH are typical of degenerately-
doped semiconductors, and obey the empirical relation,
nH = A+BT [solid lines, Fig. 3 (b)].
The Hall mobilities, µH ≡ RH/ρ for all specimens
are plotted in Fig. 4, where the fits from Fig. 3 have
been employed to produce smoothed results. In general,
µH determined from polycrystalline specimens should be
viewed as a lower bound on intrinsic behavior, given that
grain-boundary scattering tends to increase ρ, but has lit-
tle effect on RH even for highly anisotropic materials.
12
However our single crystal of CaMnO3, with a carrier
density estimated from the TEP (see below) to be be-
tween that of the x = 0 and x = 0.005 polycrystal spec-
imens, had a room-temperature resistivity of 2.7 Ω cm,
somewhat larger than that of the x = 0 polycrystal and
implying a lower value for µH . Thus grain-boundary
scattering appears to be relatively insignificant in deter-
mining the behavior of µH .
µH(T ) increases strongly with decreasing temperature
for x = 0 from a room-temperature value of µH ≃
0.5 cm2/V-s (Fig. 4). The doped specimen mobilities in-
crease more weakly with decreasing temperature, reach
maxima in the range 150-200K, and decrease at lower
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FIG. 5: µH (solid circles) and mean dopant spacing (open
circles, right ordinate) vs Hall carrier density at room tem-
perature. Curves are guides to the eye.
temperatures. The qualitative features of the data are
typical of polar semiconductors, with an intrinsic regime
associated with phonon scattering at high T and an ex-
trinsic region controlled by charged impurity scattering
(particularly for the doped specimens) at low-T . The
weak, systematic increase in µH with doping at high
T (Fig. 5) suggests another mechanism, discussed fur-
ther in the next section. The overall magnitude, µH ∼
1 cm2/V-s at 200 K, is nearly two orders of magni-
tude larger than that of hole-doped FM compositions2
and the small-polaron hopping mobility for the latter
[µH ∝ exp(−E/kBT )], contrasts with the behavior ob-
served here.
Thermoelectric power data are shown in Fig. 6. The
TEP for x = 0 is ∼ −550 µV/K at room temperature
and grows larger with decreasing T , consistent with the
presence of an activation energy as indicated by the be-
havior of ρ(T ) and nH(T ). With increasing x the TEP
is reduced in magnitude and has a T dependence typi-
cal of degenerately-doped semiconductors.13 The overall
features are similar to observations on Sm- and Pr-doped
CMO.6,8 The TEP behavior for the doped specimens con-
trasts with the thermally activated (S ∝ 1/T ) behav-
ior that typifies the PM-phase TEP of hole-doped, FM
compounds.2,3,14
The TEP magnitude for all specimens increases
abruptly at T < TN . This is attributed to a reduction in
electron transfer (via double-exchange) as the majority
of Mn core spins take on an AF arrangement. The corre-
sponding reduction in the mobile electron concentration
enhances the TEP magnitude, in agreement with our ob-
servations above regarding the Hall coefficient. We also
note that small features at TN , consistent with a decrease
in carrier concentration and/or mobility, are evident in
the temperature derivatives of the ρ(T ) curves.
For all of the doped specimens, the TEP tends to-
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FIG. 6: Thermopower versus temperature. Data for x = 0.02
and 0.10 are omitted for clarity.
ward zero as T → 0, indicating a finite density of states
at the Fermi level. This is consistent with prior low-
T resistivity7 and ac impedance measurements15 which
suggest that the Fermi level lies in a disorder-broadened
impurity “band” close in energy to the band edge.
IV. ANALYSIS AND DISCUSSION
A strong interaction between carriers and optical
phonons typifies perovskite oxides. As noted above, the
magnitude and temperature dependence of both µH and
the TEP argue against the use of small (Holstein) po-
laron theory which has been successful in describing hole-
doped manganites. Nevertheless, a large static dielectric
constant15 ε0 ≃ 40, determined for similarly prepared
CMO, makes polaron formation likely in electron-doped
compounds given that the optical-frequency dielectric
constant for manganites (and oxides generally)16 is sub-
stantially smaller, ε∞ ≃ 5. These observations motivate
a Fro¨hlich (continuum or large) polaron description for
the charge carriers in this system. Before analyzing the
data, it is useful to estimate the dimensionless polaron
coupling constant,17
α = 397.4
[
(m∗/m0)
Θ
]1/2
(ε−1
∞
− ε−10 ),
where m∗ is the band mass (without polaron enhance-
ment), m0 the free-electron mass, Θ = ~ω0/kB, and
ω0 the longitudinal optic (LO) phonon frequency. Tak-
ing Θ ∼ 700 K as an average LO phonon energy,18 and
m∗ = m0 implies α ∼ 2.6. The donor binding energy and
dielectric constant of CMO suggest15 m∗ ∼ 4m0 and thus
a proper treatment of the transport properties requires a
theory suitable for intermediate coupling (2 ≤ α ≤ 6).
The most reliable theory for large polaron mobility
at intermediate coupling and intermediate temperatures
(T . Θ) is that of Feynman et al.19,20 The polaron mo-
bility is given (in cm2/V s) as ,
µp =
7.14× 104
αΘ
(m0
m∗
) sinh(z/2)
(z/2)5/2
w3
v3
1
K(v, w, z)
.
where z = Θ/T . The integral K(v, w, z) and the proce-
dure for determining the Feynman variational parameters
v and w at each temperature for a given value of m∗/m0
are described in Ref. 20. The mobility data at the highest
temperatures for x = 0 were fitted using Θ = 700 K and
m∗/m0 = 4.3 (α ≃ 5.4)[solid curve in Fig. 4]. The dis-
crepancy between experiment and theory below 175 K
is plausibly attributed to the growing role of impurity
scattering with decreasing T . To fit the entire T range,
µp was combined with the Brooks-Herring mobility
21 for
charged impurity scattering (in cm2/V s),
µBH =
3.68× 1020cm−3
NI
1
Z2
( ε0
16
)2 ( T
100K
)3/2
×
(m0
m∗
)1/2
f(β)
f(β) = [ln(1 + β2)− 0.434β2/(1 + β2)]−1
β =
( ε0
16
)1/2 ( T
100K
)(
m∗
m0
)1/2 (
2.08× 1018cm−3
n
)1/2
The dashed curve through the x = 0 mobility (Fig. 4)
represents µ = (µ−1p + µ
−1
BH)
−1, using n = nH(T ), Z = 2
(for oxygen vacancies), ε0 = 40, and m
∗/m0 = 4.3. The
impurity concentration (the remaining free parameter)
required to fit the data was NI = 3×10
19 cm−3, roughly
four times the T = 300 K Hall carrier concentration.
A similar discrepancy was observed22 for the impurity
term describing the mobility of La2CuO4+y. The dis-
agreement is reasonable considering that only the charge
difference associated with the oxygen vacancy, but not
the lattice distortion, is considered in the Brooks-Herring
theory. Long-ranged, correlated disorder is an impor-
tant characteristic23 of the perovskite oxides due to the
corner-sharing metal-oxygen polyhedra.
Let us briefly discuss the polaron mass and size dic-
tated by this analysis. The Feynman polaron mass at
room temperature is mp = (v/w)
2m0 ≃ 36m0. The
Feynman path integral theory gives a larger effective
mass than other approaches to the problem and a rea-
sonable lower bound on the mass is given by the pertur-
bation theory result, shown to be a good approximation
even for intermediate coupling,24 mp = m
∗(1 + α/6) ≃
8.4m0. The Feynman polaron radius is given as,
28 Rp =
(3~/2µv)1/2 ≃ 3A˚ [µ = m∗(v2 − w2)/v2], comparable
5to a lattice spacing. Thus the continuum approxima-
tion is near its limit of validity. This value of Rp is
consistent with the 7-site FM polaron predicted for the
magnetically-ordered (T = 0) state of CaMnO3 from the-
oretical studies25,26 incorporating both lattice and spin
interactions. Magnetic contributions to PM-phase po-
laron formation are presumably less significant than that
of the lattice, though it has been proposed that mag-
netic fluctuations increase the polaron binding energy,
yielding low-mobility magneto-elastic polarons for lower
electron-phonon coupling strengths.27 The latter effects
could possibly contribute to the downturn in the mobility
modeled above by charged impurity scattering.
The simple sum of scattering mechanisms describing
the µH(T ) for x = 0 is inadequate for the doped spec-
imens, given the systematic increase in µH with doping
at high T (Fig. 5). The enhanced mobility might signify
the effects of overlapping polaronic lattice distortions. If
so, the mean distance between dopants, d = (3/4pin)1/3
(n is the carrier density) plotted in Fig. 5 (open cir-
cles), suggests that the distortion field extends over a
few lattice spacings. Low-T magnetization7 and neutron
scattering11 studies suggest a crossover near x = 0.02
from isolated to interacting FM polarons.
The TEP offers an alternative, though less reliable,
means for assessing the effective mass. We are not
aware of a theory for the TEP valid for intermediate
coupling, but the weak-coupling (perturbative) theory
of Howarth and Sondhemier (HS)29 was found to pro-
vide a good description of the TEP. It is known that
weak coupling theories tend to overestimate the band ef-
fective mass. A heuristic approach, wherein the band
mass within weak-coupling theories is interpreted as the
polaron-enhanced mass, has been proposed to broaden
their range of applicability.30 We restrict our analysis to
the doping dependence of the TEP at room temperature
where optical phonon scattering is predominant. Though
the HS theory reproduces the T dependence of the TEP
well, such an analysis is less meaningful given that the
theory does not incorporate impurity scattering (of grow-
ing importance for the present compounds at low T ) or a
temperature dependent polaron mass (implicit in Feyn-
man theory).
The HS theory gives the TEP as a function of the
phonon energy (Θ) and reduced chemical potential.31
With Θ = 700 K and the chemical potential determined
self-consistently from the Hall carrier density (assuming
a parabolic band), the TEP can be computed with the
effective mass (designated here as m∗∗) as the only ad-
justable parameter. Figure 7 shows the room tempera-
ture TEP plotted versus Hall carrier density for all spec-
imens. The solid curve represents the best fit to the HS
theory with m∗∗ = 9.1m0. Variations in the polaron
mass with doping might possibly explain the discrepancy
between the calculated and measured TEP magnitudes
(corresponding to variations in m∗∗/m0 from 6 to 13, in-
dicated by dashed curves), but these differences may sim-
ply reflect a sensitivity of the TEP to extrinsic features,
nH (cm-3)
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FIG. 7: Room-temperature thermopower vs. Hall carrier
density. The solid and dashed curves were computed using
the theory of Ref. 29, with effective masses indicated (see
text).
e.g. small variations in the oxygen vacancy concentration
(below the uncertainty of 0.01 per f.u. from titration),
that cause it to deviate from being a monotonic function
of the carrier density as reflected in the Hall coefficient.
Thus the polaron masses determined from µH and the
TEP are in reasonable accord.
It is useful to place in context the intermediate-
coupling, Fro¨hlich polaron picture for the param-
agnetic phase of electron-doped manganites favored
by the present analysis. Recently, polaron parame-
ters were inferred from pressure-dependent resistivity
measurements32 on Ca1−xYxMnO3 (0.05 ≤ x ≤ 0.15)
having ρ(T ) very similar to that of the most heavily
doped specimens in Fig. 1. These authors interpreted
the minimum in ρ(T ) (near T = 200 K in Fig. 1) as
a manifestation of the crossover from the intermediate-
T small-polaron regime, characterized by thermally ac-
tivated hopping, to the high-T regime where polarons
are thermally dissociated and phonon scattering of resid-
ual electrons yields a positive temperature coefficient of
ρ.33,34 Analyzing the pressure dependence of the activa-
tion energy from ρ(T ) over the narrow T interval be-
tween TN and the minimum, they inferred a coupling
strength, α ≃ 1.5. The strongest argument against this
interpretation is that the minimum in ρ(T ) arising in
small polaron theory occurs at several times the optical
phonon energy (Θ), well above the temperature range
investigated. In addition, as noted above, polarons with
activated ρ(T ) are expected to exhibit an activated TEP
(∝ 1/T ), inconsistent with the present observations and
those of others.6,8
The electron-doped manganite compounds are evi-
dently near a large- to small-polaron crossover. A com-
parable situation arises in TiO2 (rutile), for which µH(T )
and ρ(T ) are similar to data for the present materials and
both small24,35,37 and large36,38 polaron descriptions have
6been invoked. Recent measurements of the Hall mobility
by an all-optical technique38 support a continuum picture
for that system, like that described here. The appropri-
ate theoretical framework for describing such materials
remains an active area of investigation,27,34,39,40 and the
electron-doped compounds appear to be model systems
for studying polaron physics.
In summary, the paramagnetic-phase Hall mobility and
thermopower of Ca1−xLaxMnO3 (0 ≤ x ≤ 0.10) and
other lightly electron-doped manganites by implication,
are consistent with large (continuum) polaron theory in
the intermediate coupling regime. This behavior is dis-
tinguished from the small-polaron scenario that has been
successful in describing the paramagnetic phase of hole-
doped FM manganites.
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